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Abstract
The axial exchange current operator that arises from the coupling of the
axial field to the pion and effective scalar field in nuclei is constructed. The
spatial dependence of this exchange current operator may be determined di-
rectly from the nucleon-nucleon interaction. This ”πσ”-axial exchange cur-
rent contributes about 5% to the quenching of the nucleon axial current
coupling constant gGTA in heavy nuclei.
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The value of the effective axial current coupling constant gGTA of nucleons
in nuclei is considerably smaller than the corresponding free nucleon value
[1,2]. Shell model analyses [3] as well as studies of giant Gamow-Teller res-
onances [4] indicate that it is quenched by about 30% already in sd-shell
nuclei. This quenching effect is conventionally ascribed to the effect of ∆33-
excitations [5,6] and core-polarization [1]. The short range exchange currents
that are associated with the axial current coupling through intermediate
nucleon-antinucleon pairs to the short range parts of the nucleon-nucleon in-
teraction have been found to be insignificant [7].
The absolute magnitude of both the corrections that are associated with
intermediate ∆33-excitation mechanisms and the second order configuration
mechanisms remain somewhat uncertain as they are sensitive to the short
range components and especially to the strength of the nucleon-nucleon ten-
sor interaction. The large core polarization correction obtained with a strong
model for the nucleon-nucleon tensor interaction in ref. [1] appears to ex-
plain most of the empirically found quenching of gGTA by itself. We here point
out that the axial exchange current that arises from the coupling of the axial
field to the pion and the effective scalar field in nuclei (”the σ-meson”) repre-
sents another mechanism that contributes a small but still significant amount
to the quenching of the value for gGTA in nuclei (Fig. 1). We demonstrate
that the corresponding axial exchange current operator can be constructed
directly from the model for the nucleon-nucleon interaction, and thus in-
volves no parameters that do not appear in the interaction model. Using
realistic phenomenological models for the interaction we estimate that the
πσ-mechanism alone leads to a quenching of about 5% of gGTA . The presence
of this additional quenching mechanism suggests that the previous estimates
for the core polarization correction in ref. [1] need to be revised downwards
by employment of a weaker model for the tensor force.
It proves convenient to base the derivation of the effective πσ axial ex-
change current on the modified σ-model [8,9]
L = L0 + L1, (1)
where L0 is the Lagrangian density for the usual linear σ-model
2
L0 = ψ¯[iγ
µ∂µ − g(σ + i~τ · ~πγ5)]ψ
+
1
2
[(∂µ~π)
2 + (∂µσ)
2] +
1
2
m20(~π
2 + σ2)−
1
4
λ2(~π2 + σ2)2, (2)
and L1 is the chirally symmetric term
L1 = C{ψ¯γµ
~τ
2
ψ · (~π × ∂µ~π) + ψ¯γµγ5
~τ
2
ψ · [~π∂µσ − σ∂µ~π]}, (3)
which is introduced so as to allow gA to differ from 1 at the tree level. We
here treat the σ-field as an effective representation of the isoscalar component
of the interacting ππ system.
The Lagrangian (1) implies that the vacuum breaks chiral symmetry
spontaneously (m20 > 0). In the vacuum < σ >= fpi (the pion decay con-
stant). The dynamical isoscalar σ-field is defined as σ′ = σ − fpi. We here
view the field σ′ as an effective representation of the isoscalar part of the
interacting ππ system.
The parameters g and C in (2) and (3) are determined as [9]
gA = 1 + Cf
2
pi = 1.262, (4a)
g = G/gA, (4b)
where G is the usual πNN (pseudoscalar) coupling constant (≈ 13.5).
The effective πNN and σNN couplings that are implied by the La-
grangian model (1) are
LpiNN ≃ −iGψ¯~τ · ~πγ5ψ, (5a)
LσNN ≃ −
G
gA
ψ¯σ′ψ. (5b)
The πσ axial vector coupling is determined by the axial current operator [9]:
Aiµ = gAψ¯γµγ5
τ i
2
ψ + πi∂µσ
′ − σ′∂µπ
i − fpi∂µπ
i. (6)
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Using these expressions the πσ-axial exchange current operator is found
to be
~Ai =
G2
mNgA
(~k1 − ~k2){
~σ2 · ~k2τ
2
i
(k22 +m
2
pi)(k
2
1 +m
2
σ)
−
~σ1 · ~k1τ
1
i
(k21 +m
2
pi)(k
2
2 +m
2
σ)
}. (7)
Here mN is the nucleon, mpi the pion and mσ the mass of the effective scalar
meson. The momentum variables ~k1 and ~k2 denote the momentum transfers
to nucleons 1 and 2. Note that the corresponding charge operator is pro-
portional to the difference between the energies of the two mesons, both of
which are small, and hence that operator is insignificant in comparison to
the axial exchange charge operators associated with both pion [10] and short
range exchange [11] mechanisms.
To assess the importance of the πσ-exchange current (7) we shall reduce
it to the form of a correction to the effective single nucleon axial current
operator:
~Ai = −gA(1− δA)~σ
τ i
2
−
gP (1− δP )
2mNmµ
~q~σ · ~q
τ i
2
. (8)
Here mµ is the muon mass. The terms 1 in the factors (1− δA) and (1− δP )
represent the current of a free nucleon and the terms δA and δP represent the
exchange current contribution. Note that the induced pseudoscalar coupling
constant gP is related to gA as
gP = −
2mNmµ
q2 +m2pi
gA (9)
for free nucleons.
The reduction of the πσ-axial exchange current to an effective single nu-
cleon current operator leads to a direct term and an exchange term. Since
~q = ~k1+~k2 the direct term is readily found to contribute only to the induced
pseudoscalar current, the magnitude of the contribution being
4
δP =
G2
g2AmNm
2
σ
ρ, (10)
where ρ is the nucleon density. This result was first obtained in ref. [9] as
the nuclear renormalization correction to the pion decay constant. The other
mechanisms that contribute to δP have been discussed recently in ref. [12].
The exchange term leads to a contribution to δA. Taking ~q = 0 (i.e.
~k1 = −~k2) we find, using the Fermi gas model, this contribution to be
δA =
G2
g2AmNm
2
σ
ρ I, (11)
where I is the integral
I = 4x2σ
∫
1
0
dx
x4(1− x)
(x2 + x2pi)(x
2 + x2σ)
= 2x2σ +
4x2σ
x2σ − x
2
pi
{x3piarc tan
1
xpi
− x3σarc tan
1
xσ
−
x4pi
2
log(1 +
1
x2pi
) +
x4σ
2
log(1 +
1
x2σ
)}. (12)
with
xpi ≡ mpi/2kF , xσ ≡ mσ/2kF , (13)
where kF is the Fermi momentum. In the limit of a zero pion and an infinite
σ-meson mass the integral I takes the value 1/3. To obtain an estimate for the
first factor in (11) we take mσ ≈ mN and ρ = 2k
3
F/3π
2, with kF = 1.40fm
−1,
which is the value for normal nuclear matter. This qualitative estimate of
the πσ contribution to the quenching of gA yields the value δA ≃ 0.066.
This value is quite close to the value calculated below using a realistic boson
exchange potential model and taking into account the corresponding short
range correlations.
In order to reduce the model dependence of the πσ axial exchange current
operator (7) we note that it can be expressed in terms of the effective isospin
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independent scalar v+S and isospin dependent pseudoscalar v
−
P components of
the nucleon-nucleon interaction as
~Ai = −
gA
mNG2
(~k1 − ~k2){v
+
S (
~k1)v
−
P (
~k2)~σ
2 · ~k2τ
2
i
−v+S (
~k2)v
−
P (
~k1)~σ
1 · ~k1τ
1
i }. (13)
Here v+S (
~k) and v−P (
~k) are the Fourier transforms of the scalar and pseu-
doscalar potential components of the nucleon-nucleon interaction defined as
in [13]. Here we have replaced the factors G2/(k2+m2pi) in (7) with v
−
P (k) and
the factors (k2 +m2σ)
−1 by −g2Av
+
S (k)/G
2. This interpretation of the meson
propagators in (7) as the corresponding components of the nucleon-nucleon
interaction is natural and allows us to determine the short range behaviour
of the exchange current operator directly from the nucleon-nucleon model
without the need to introduce ad hoc cut off parameters. With this expres-
sion for the πσ-exchange current the contribution to the quenching factor δA
(11) is replaced by the expression
δA = −
16k2F
mNG2
ρ
∫
1
0
dxx4(1− x)v−P (2kFx)v
+
S (2kFx). (14)
Note that all terms in this expression with the exception of mN and kF are
completely determined by the nucleon-nucleon interaction model.
If we construct the potential components v−P and v
+
S using the parametrized
Paris potential [14] we obtain the value −3.60fm4 for the integral in (14) and
correspondingly at nuclear matter density the value δA = 0.024. Using the
Bonn potential model [15] we find the value −8.98fm4 for the integral in
(14) and thus the value δA = 0.060 at nuclear matter density. These values
are further reduced somewhat by short range correlations: if the spin aver-
aged correlation function that is obtained by constructing the G-matrix for
these two potential models is taken into account in the integrals in (14) the
numerical values for δA are reduced to δA = 0.023 (Paris) and 0.055 (Bonn)
respectively.
The very small value for δA that is obtained with the Paris potential
model is a consequence of the anomalous repulsive behaviour of the effective
isospin independent scalar potential component at short distances in that
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model [13]. We therefore view the larger value obtained with the Bonn po-
tential to be the more realistic one. The conclusion is then that the effective
πσ axial exchange current causes a ≈ 5% quenching of the axial current cou-
pling constant gGTA at nuclear matter densities. This is somewhat larger than
the corresponding contribution to the quenching caused by the πρ exchange
mechanism [17].
If the 5% contribution of the πσ-axial exchange current to the quenching
of gGTA is combined with the 20-23% quenching due to the ∆33 excitation,
πρ exchange and short range exchange currents obtained in ref. [7] the pre-
dicted net exchange current caused quenching of gGTA becomes 25-28% at
nuclear matter density. If this number is combined with the large quenching
(40%) estimated to arise from second order configuration mixing in ref. [1]
the predicted quenching of gGTA is about 2 times too large. As the latter
effect was calculated in ref. [1] on the basis of the Hamada-Johnston po-
tential [18], which has a very strong isospin dependent tensor component, it
would be important that this calculation be redone with a modern weaker
tensor potential in order to obtain a quantitative estimate for a weaker core
polarization contribution. Another reason to believe that the second order
configuration mixing contribution to gGTA in ref. [1] may be unrealistically
large is the fact that the effective tensor force in the medium is also some-
what weakened by a core polarization induced screening mechanism [19].
The πσ axial exchange current operator (7), (13) will also contribute to
the exchange current correction to the transition rate for β-decay of 3H . To
obtain an estimate for the magnitude of this contribution one may compare
the expression (7) for the πσ axial exchange current operator to the corre-
sponding one for the πρ axial exchange current [20]:
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~Ai(πρ) = −gA
g2ρ
mN
~σ2 · ~k2
(m2ρ + k
2
1)(m
2
pi + k
2
2)
(~τ 1 × ~τ 2)i.
{(1 + κ)~σ1 × ~k1 − i(~p1 + ~p
′
1)] + (1↔ 2). (15)
Here gρ is the ρNN vector coupling constant, κ the ρNN tensor coupling
and mρ is the ρ-meson mass. The symbol (1↔ 2) stands for a term in which
all particle coordinates are exchanged. The contribution of this operator to
the β-decay rate of 3H has been found to be only about 0.7% in a calculation
based on several realistic wavefunctions [20].
The local part of the πρ axial exchange current operator is very similar
in form to that of the πσ axial exchange current operator (7). Moreover
the numerical values of the coefficients in front are also of similar order of
magnitude: G2/gA ≃ 145 versus gAg
2
ρ(1 + κ) ≃ 60 (with g
2
ρ/4π = 0.5 , κ =
6.6). As, however, only the component of (7) that is antisymmetric in isospin
contributes to the β-decay of 3H the factor 145 above should be divided by
2 before the comparison, and thus the numerical coefficients in the πσ and
σρ axial exchange current operators differ by only about 20%. Finally the
mass of the ”effective” σ-meson in the nucleon-nucleon interaction is close
to that of the ρ-meson. Although the matrix elements of the two operators
between the 3H and 3He are not identical it is nevertheless evident from this
comparison that the contribution of the πσ axial exchange current to the rate
for β-decay of 3H cannot be much larger than that of the πρ axial exchange
current (which is very small). A quantitative calculation of that reaction
would nevertheless be important, as this mechanism will also contribute to
the solar neutrino reactions pp→ d+ e+ + νe and p+
3 He→ 4He+ e+ + νe.
As in the latter reaction the πρ exchange current operator has found to be
significant, we expect the πσ axial exchange current operator to be of equal
significance [20].
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Figure Caption
Fig. 1. Diagrammatic representation of the πσ axial exchange current
operator
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